Abstract-We report a modeling study of a conceptual non-volatile memory cell based on inorganic molecular clusters as a storage media embedded in the gate dielectric of a MOSFET. For the purpose of this study we have developed a multi-scale simulation framework that enables the evaluation of the variability in the programming window of a flash-cell with sub-20nm gate length. Furthermore, we have studied the threshold voltage statistical variability due to the presence of random dopant fluctuations and polyoxometalate (POM) distribution in the cell. The simulation framework and the general conclusions of our work are transferrable to flash cells based on alternative molecules used for a storage media.
INTRODUCTION
In recent years interest in electronic, magnetic and optical structures and devices based on inorganic, organic, hybrid and nano-materials has increased significantly. The idea of molecular electronics was first proposed in 1973 when Aviram and Ratner speculated about organic molecules as components of electronic circuits [1] . Since then, the emerging field of molecular electronics typically utilizes switchable organic molecules anchored between nano-electrodes, such as the rotaxanes-based arrays demonstrated in a molecular-based RAM [2] . From an engineering perspective, however, organic molecular electronics raises questions of high resistance and power, low performance and problematic fabrication, reproducibility and reliability.
Here we study an alternative class of compounds known as polyoxometalates (POMs) (see Fig. 1 ), which are metal-oxide inorganic molecules formed by early transition metal ions and oxo-ligands [3] , [4] . They are assumed to be more compatible with existing CMOS processes than organic molecules by virtue of the chemistry of the oxo-ligands being closer to that of SiO 2 . The interest in POMs for molecular electronics stems from the fact that POMs are highly redox active molecules; they can also be doped with electronically active heteroatoms; they can form semiconducting and metallic states essential for low power electronics devices [4] .
High electric conductivity and controllable conductivity through doping have been the cornerstones to the success of silicon nano-electronics, but unfortunately organic molecules have not yet demonstrated sufficiently attractive properties. POMs provide an unrivalled structural diversity of molecules, displaying a wide range of properties and nuclearities, and they are assembled under 'one-pot' reaction conditions allowing nano-scale objects to be self assembled from very small building blocks [4] based on MO x , (where M is Mo, W, 978-1-4799-0649-9/13/$31.00 ©2013 IEEEV and x can be 4, 5, 6 or 7). Importantly, they can undergo multiple times reversible reduction/oxidation, which makes them attractive candidates for multi-bit storage in flash memory cells.
The use of redox-active molecules to form the storage media (FG) (see Fig. 2 ) could offer several very important advantages over the conventional polysilicon FG [5] , [6] . For example, the charge storage is very localized, thus minimising cross-cell capacitive coupling (arising from charge redistribution on the sides of a poly-Si FG and being one of the most critical issues with flash memories). Although this benefit is present in floating gates realised by charge-trapping dielectric or by a metallic nano-cluster array, both technologies exhibit very large variability -charge-trap memories suffer variation in trap-density and trap-energy and the size and density of nano-clusters is difficult to control (this precludes their ultimate miniaturization). In fact, the concept of using molecules as storage centers has already been demonstrated for organic redox-active molecules [6] , [12] .
Here our intention is to study, by means of 3D simulations, the statistical variability of the threshold voltage of a nonvolatile flash-memory cell, in which the charge-storing components constitute a layer of polyoxometalate molecular clusters (POMs) (see Fig. 2 ). The programmable charge embedded in the FG controls the threshold voltage, which is directly correlated with the conductivity of a transistor channel. The readout signal is the change in channel-current that corresponds to a change in the redox state of the molecules. Therefore, the principle of operation is like that of a charge-trapping memory, however, a conventional SiO 2 may be used as an insulator, due to the deep redox-levels of the POMs, and lower variability may be expected in terms of spatial and energetic distribution of the storage centers.
We emphasize that in the sub-20nm gate-length regime, the evaluation of variability is essential part of any feasibility study of a device. Variability arising from random dopant fluctuations (RDF) and POM fluctuations (POMF) is considered in the present study -the former known to be of largest impact in decananometer devices, the latter being anticipated due to POM-layer deposition or self-assembly.
II. FLASH CELL DESIGN
Here we summarize the key design parameters of our template flash memory cell, which are based on unpublished results. For the purpose of this study, an n-channel bulk flash memory cell with an 18 nm square gate has been designed ( Fig. 2) . It is based on a previously studied template of an 18 nm transistor [9] and is similar to the contemporary flash cells studied elsewhere [10] . The average acceptor doping in the channel of the transistor is just over 10 18 cm 3 . The high level of doping is necessary in order to maintain good electrostatic integrity at this ultra-short channel length.
Given that the gate area of the template flash cell is 18 x18 nm 2 , we consider sheet densities N S of POM clusters, approximately 3x10 12 corresponding to nine metal clusters arranged in a 3x3 rectangular planar grid. From charge sheet approximation a 2 V programming window can be estimated for the first reduction state of all molecules in this arrangement, if the control oxide thickness T con (see Fig. 2 ) is 15.6 nm. The tunneling oxide thickness T tun , similarly to [6] 4 N + (tetrapropyl-ammonium -TPA), forming an insulating barrier of permittivity very close to that of SiO 2 [14] . The POMs are oriented parallel relative to the SiO 2 surfaces. All simulations are performed at low drain bias (V DS = 50 mV).
III. SIMULATION METHODOLOGY
In order to evaluate the performance of POMs for realization of a floating gate (FG) in flash-cell memories, we developed a simulation flow that links density functional theory (DFT) to the commercial three-dimensional (3D) numerical simulator GARAND [7] . The simplified diagram is presented in Fig. 3 . Central to this flow is the custom-built Simulation Domain Bridge, connecting the two distinct Floating Gate simulation domains -DFT for the molecular part and mesoscopic device modeling section -GARAND for the device modeling part. The main motivation for using this plethora of computational techniques is the complexity of the problem. Accurate description of the POM clusters requires first principles calculations, which in this work are based on the DFT method. Moreover, the descriptions of the current flow through the devices demand the mesoscopic device approach provided by the GARAND software. The DFT calculations provide the atomic coordinates of the molecule together with molecular charge distribution for each redox state. This information is imported into the gate region of the transistors. In this way we are able to calculate performance of flash memory cells, using the GARAND software, where the memory effect occurs due to configuration changes of the POM centers, which are induced by the gate electrodes.
The molecular simulations are based on the Amsterdam Density Functional (ADF) code [11] . A spin-unrestricted formalism is used with the gradient-corrected functionals of Becke and Perdew for the exchange and correlation energies, respectively (BP86). The valence electrons for all atoms are described with a Slater-type basis function of triple-ζ plus polarization quality. The inner electrons are kept frozen. Scalar relativistic corrections are included by means of the zero-order regular approximation (ZORA) formalism. The present computational settings, BP86/TZP, prove to be a satisfactory methodology for describing the electronic structure of polyoxometalates. All the structures discussed through this work are fully optimized taking into account the solvent effects by means of a continuous model. 4-molecule at a given redox state, is used to construct fixed charge distribution representative of a POM layer with a controlled spatial and redox configuration of POMs. The metal cluster is negatively charged and, in order to keep the entire system neutral, in the experiment each POM is surrounded by positively charged molecules (cations -green structure in Fig. 1 ). Their presence is modeled within the device simulator as a set of fractional point charges distributed around the POMs, which is consistent with the COSMO approach used in the DFT calculation of the individual molecules. The total positive charge balances out the negative charge of the parent POMs, so that any reduction of the POMs leads to the presence of extra electron charges in the gate stack and redistribution of the negative charge density in the oxide.
Once the charge for the POM is obtained from the ADF program and it is transferred to the 3D numerical simulator GARAND a drift-diffusion transport formalism is applied. It includes quantum corrections by means of the density-gradient approach [8] . 4-molecules in the floating gate are presented in the next section.
The programming/erasure of the cell is not studied here, although the anticipated mechanism is Fowler-Nordheim tunneling, as in charge-trapping memories. Presently there is no known approach to simulate the relevant transport problem through the gate stack and molecules in conjunction with the complex device electrostatics and substrate current.
IV. STATISTICAL VARIABILITY
In order to obtain realistic results for the programing window of bulk flash cell with molecules as a storage media, we introduced three sets of 1000 devices. Each set has two sources of statistical variability, such as random dopant fluctuations (RDF) and POMs fluctuations (POMF).We incorporate the charge density of the [W 18 O 54 (SO 3 ) 2 ]
4-POM (shown in Fig. 1 ) as a charge storage center. Three, distinct V T values related to the three easily accessible redox states of the molecular cluster can be obtained. They are presented in Table It should be emphasized that for all three sets of 1000 devices composing the ensembles, the number of POMs is constant and it equals nine. In the case of the RDF only calculations, the charge storage centers are arranged in a regular grid of 3x3 POMs centered within the gate. Fig. 4 presents the electrostatic potential of a device with a regular grid of 3x3 POMs centered within the gate. In the POMF only calculations, the metal clusters are randomly displaced laterally with respect to the regular 3x3 grid used previously. Finally, in the third case, both of these variations are included, i.e., RDF and POMF. Table I but in a graphical form. Each figure shows the probability density function (PDF) for an ensemble of 1000 devices with RDF only, POMF only and RDF + POMF correspondingly. Based on our numerical calculations presented above we can obtain the following important conclusions.
Firstly, the curves presenting the PDF for all devices with RDF ( Fig. 5 and Fig. 7 ) are significantly broader in comparison to the POMFs only case (Fig. 6) . This reflects the values of the standard deviation presented in Table I where all flash cells with RDF have standard deviation close to 500 mV, while in the case of the POMF only calculations this value varies from 0 to 66 mV. Hence, it can be concluded that the RDF cells have significantly stronger impact on the σV T in comparison to the POMF only calculations. Moreover, the two sources of variability show similar behavior and the main source of variability is indeed the RDF. However, in all calculations the results fit well with the Gaussian distribution (dashed line in Fig. 5 -Fig. 7 ) except for the tails of the curves. Such a discrepancy between analytical approximations and numerical calculations emphasizes the importance of numerical simulation in determining the devices' performance.
Secondly, for the continuous doping and RDF-only flash cells, the average value of V T for each bit is almost identical. For the other two cases, POMF and RDF+POMF, we observe again almost identical values of the V T but these results are shifted to lower values in comparison to the smooth and RDF calculations. This observation provides an important conclusion that the POMs determine the average value of V T but the RDF is responsible for the standard deviation.
Lastly, the average value of V T needed for the cell to change the oxidation state by one electron for each POM is 1.17 V in the case of continuous doping, 1.15 V in the case of RDF and POMF and 1.14 V in the RDF+POMF case, i.e., there appears to be a minor degradation of the average programming window. Moreover, probability density of the V T distribution for each bit in Fig. 5 and Fig. 7 shows an overlap even before 3σ is reached. On the contrary, data presented in Fig. 6 (POMF only) reveals well-separated curves for each bit.
As a final note we should recall that flash variability is typically evaluated in conjunction with the ISPP (incremental step-pulse programming) algorithm [10] . This requires Kinetic Monte Carlo driven time-domain simulations, including the Fowler-Nordheim tunnelling current for programming, which will be the focus of our future efforts.
V. CONCLUSION
In this paper we presented the statistical variability for the programing window of the hybrid 18 nm BULK flash cell. 
